Bocaparvovirus (BOV) is a genetically diverse group of DNA viruses and a possible cause of respiratory, enteric, and neurological diseases in humans and animals. Here, two highly divergent BOVs (tentatively named as Himalayan marmot BOV, HMBOV1 and HMBOV2) were identified in the livers and feces of wild Himalayan marmots in China, by viral metagenomic analysis. Five of 300 liver samples from Himalayan marmots were positive for HMBOV1 and five of 99 fecal samples from these animals for HMBOV2. Their nearly complete genome sequences are 4,672 and 4,887 nucleotides long, respectively, with a standard genomic organization and containing protein-coding motifs typical for BOVs. Based on their NS1, NP1, and VP1, HMBOV1 and HMBOV2 are most closely related to porcine BOV SX/1-2 (approximately 77.0%/50.0%, 50.0%/53.0%, and 79.0%/54.0% amino acid identity, respectively). Phylogenetic analysis of these three proteins showed that HMBOV1 and HMBOV2 formed two distinctly independent branches in BOVs. According to these results, HMBOV1 and HMBOV2 are two different novel species in the Bocaparvovirus genus. Their identification expands our knowledge of the genetic diversity and evolution of BOVs. Further studies are needed to investigate their potential pathogenicity and their impact on Himalayan marmots and humans.
INTRODUCTION
Recently, many severe, emerging infectious diseases have occurred in humans after the respective viruses overcame the inter-species barriers. Indeed, 60%-80% of human infectious diseases are estimated to have originated in wild animals (Jones et al., 2008) . Recently emerging viruses, including Severe Acute Respiratory Syndrome (SARS), Middle East Respiratory Syndrome (MERS), and the Ebola virus (Drosten et al., 2003; Haagmans et al., 2014; Gire et al., 2014) , are the most well-known examples, which have caused a large number of human deaths and high economic losses. The discovery of novel viruses in wild animals is the first step in predicting their potential threat to human and animal health. The early detection and characterization of viruses infecting wild animals may therefore allow the prediction of their threat to human health.
Parvoviridae comprises a group of small, non-enveloped, single-stranded DNA viruses that can infect a wide range of animals and insects. According to the classification system of the International Committee on Taxonomy of Viruses (ICTV) (http://ictvonline.org/virusTaxonomy.asp), parvoviruses can be subdivided into two subfamilies: Parvovirinae and Densovirina. The sub-family Parvovirinae that infects mammals, currently consists of the genera Protoparvovirus, Erythroparvovirus, Aveparvovirus, Copiparvovirus, Dependoparvovirus, Amdoparvovirus, Tetraparvovirus, and Bocaparvovirus. These viruses can cause severe diseases in humans and animals, including fifth disease in humans (HPV B19) (Balkhy et al., 1998) and stillbirth, mummification, embryonic death, and infertility in pigs (PPV) (Christianson et al., 1992) . Bocaparvovirus (BOV), a member of the Parvoviridae family, has a genome of approximately 5.0 kilobases, including an open reading frame (ORF), NP1, located between the genes encoding NS1 and VP1/VP2 (Manteufel and Truyen, 2008) . BOVs are most commonly associated with respiratory and gastrointestinal symptoms in young humans and animals (Manteufel and Truyen, 2008; Jartti et al., 2012) , affecting both public health and economic development. For example, human bocaparvovirus (HBOV1) and porcine bocaparvovirus 1 (PBOV1) are associated with respiratory symptoms (Rotzén-Östlund et al., 2014; Jula et al., 2013) , and HBoV2-4, gorilla BOV, and PBOV with diarrhea and acute flaccid paralysis (Cashman and O'Shea, 2012; Kapoor et al., 2009; Kapoor et al., 2010; Meng, 2012; Gunn et al., 2015 ) . BOVs have also been identified in cerebrospinal fluid (Yu et al., 2013) , liver , lung (Cságola et al., 2012) , and blood (Zhai et al., 2010) , although there is no strong evidence supporting the association of their diseases. Since the initial identification in canine and bovine stool samples (Abixanti et al., 1961; Binn et al., 1970) , BOVs have been detected in many mammalian species, including humans, pigs (Cheng et al., 2010) , cows (Yang et al., 2016) , California sea lions (Li et al., 2011) , cats (Lau et al., 2012) , gorillas (Kapoor et al., 2009) , rabbits (Lanave et al., 2015) , and bats (He et al., 2013) . BOVs have a high mutation rate and undergo frequent recombination events, similar to those of RNA viruses (Shackelton et al., 2005; Hoelzer et al., 2008) . Thus, the discovery of novel BOVs and new animal hosts will expand our knowledge of their genetic diversity and evolution. It will also provide a better understanding of the potential of these viruses for cross-species transmission and emergence.
Viral metagenomics based on high-throughput sequencing technology has proved to be a powerful technique for identifying novel viruses, and thus an important tool in diagnostic virology and viral disease prevention and control. In China, wild marmots (Marmota himalayana), whose habitat is the Qinghai-Tibetan Plateau, 2,800-4,000 m above sea level, are the primary animal reservoir of plague. As yet, the viruses in wild marmots have rarely been reported. However, with the expansion of human activities, such as human domesticating marmots as pets, hunting them for meat and fur and using them as viral animal model (hepatitis B virus), as well as choosing Qinghai-Tibetan Plateau for travel, the rapid spread of viruses between humans and Marmota himalayana is becoming possible. As a result, it is very important to conduct a thorough survey of viruses in Himalayan marmots to understand their basic viral epidemiological data. Using viral metagenomics analysis, we discovered a novel hepatitis A virus and diverse astrovirus species in fecal and liver samples from Himalayan marmots, as previously reported (Yu et al., 2016; Ao et al., 2017) .
Here, we report the discovery, also in this viral metagenomics, of two novel BOVs in liver and fecal samples obtained from Himalayan marmots in the Qinghai-Tibetan Plateau, China. In addition, we describe the nearly complete sequences and detailed genomic organization of these two BOVs (tentatively named as Himalayan marmot BOV, HMBOV1 and HMBOV2). Genomic and phylogenetic analyses indicated that they comprise different novel species of BOV. Screening for HMBOV1 and HMBOV2 was also carried out in 300 liver and 99 fecal samples from Himalayan marmots in China.
RESULTS

Identification of novel BOV sequences
In a BLASTX analysis, 14 reads from two pools of liver samples and 43 reads from two pools of fecal samples had amino acid sequence similarity to BOVs, based on a customized informatics pipeline with minor modifications. Assembly of the unique reads from the liver and fecal samples generated five contigs (approximately 250 bp) and eight contigs (250-1524 bp), respectively. The low identities with the sequences of porcine BOVs suggested the presence of novel BOVs. Thus, one liver and one fecal sample positive for the BOVs HMBOV1 and HMBOV2 were selected for viral genome amplification and sequencing.
Prevalence of HMBOV1 and HMBOV2
Five of the 300 liver samples from the Himalayan marmots were positive for HMBOV1 and showed 99.0% nucleotide identity with each other. Reverse transcriptase heminested PCR showed that five of the 99 fecal samples were positive for HMBOV2, displaying 100.0% nucleotide identity (Figure 1A) . However, HMBOV1 was not detected in any of the stool samples nor was HMBOV2 identified in any of the liver samples.
Genomic characterization and analyses of HMBOV1 and HMBOV2
The nearly complete genomes of HMBOV1 and HMBOV2 were 4,671 and 4,887 nucleotide in length, with a G+C content of 39.5% and 45.6%, respectively ( Figure 1B ). Putative ORFs of two novel viruses were predicted using NCBI's ORF Finder. Similar to other BOVs, the HMBOV1 and HMBOV2 genomes contained three ORFs: ORF1, encoding the partial nonstructural protein NS1 of 583 aa in HMBOV1 and full NS1 of 794 aa in HMBOV2; ORF2, encoding two overlapping structural proteins VP1/VP2 (617/629 aa and 550/498 aa respectively, differing by 67/131 amino acids at the N-terminus of VP1); and ORF3, encoding a highly phosphorylated nonstructural protein NP1 (246/200 aa). ORF3 is a unique feature in the middle of the BOV genome. NP1 of HMBOV2 shared a short overlapping sequence with the NP1 and NS1/VP1 genes, as also seen in human BOVs. By contrast, the NP1 and NS1/VP1 genes of HMBOV1 were separated, similar to PBoV-like viruses. Conserved motifs associated with rolling circle replication, helicase, and ATPase were also identified in ORF1 of HMBOV1 and HMBOV2. The conserved motifs of the Ca 2+ binding loop (YLGPF) and the catalytic center (HDXXY) of phospholipase A2, required for parvovirus infectivity and located within the VP1-unique (VP1u) region (Zádori et al., 2001) , were identified in VP1 of HMBOV2 but, as in PBoVlike viruses, not in VP1 of HMBOV1 ( Figure 1B ). The GenBank accession numbers for the sequences of HMBOV1 and HMBOV2 are MF464268 and MF464269, respectively.
Genomic analysis using BLASTN showed that HMBOV1 shared the highest identity of 76.0% with the complete genome of porcine BOV-SX (HQ223038) (Zeng et al., 2011) . The NS1, NP1, and VP1/VP2 regions of HMBOV1 also had the highest amino acid similarity (73.9%, 53.0%, and 78.0%) with those of porcine BOV-SX, compared with all BOV sequences. The three regions in HMBOV2 showed the highest similarity to those of porcine BOV 1−2 (Cheng et al., 2010) , California sea lion BOV 1-4, and bat BOVs, with amino acid identities of 45.2%-45.7%, 47.1%-48.6%, 48.9%, 47.8%-50.4%, 50.7%-51.2%, 47.8%, and 54.8%-55.1%, 52.0%-53.3%, 52.0%, respectively. HMBOV1 and HMBOV2 differed in their genomic sequences, with 40.6%, 36.3%, and 42.1% amino acid identities in their NS1, NP1, and VP1 regions, respectively. The identities between HMBOV1 and HMBOV2 and other BOVs are shown in detail in Table 1 .
Phylogenetic analysis
Phylogenetic trees of the proteins NS1, NP1, and VP1 in HMBOV1 and HMBOV2 and other members of the genus Bocaparvovirus were constructed from the respective amino acid sequences. In the NS1 region, HMBOV1 formed an independent branch related to PBOV-SX (Zeng et al., 2011) , whereas HMBOV2 formed a distinct monophyletic tree and was most closely related to PBOV1-2 (Cheng et al., 2010) (Figure 2A ). In the NP1 region, phylogenetic analysis showed that HMBOV1 also clustered tightly with PBOV-SX, while HMBOV2 displayed a distinct branch and was also most closely related to PBOV1-2 ( Figure 2B ). In the VP1 region, HMBOV1 also formed a monophyletic tree and tightly clustered with PBOV-SX, whereas HMBOV2 formed a single and separate monophyletic branch, although it was closely related to the clade that included HMBOV1 and PBOV-SX 2 ( Figure 2C ).
DISCUSSION
The identification of novel viruses in wild animals is a very important step in predicting potential threats to human and animal health (Kahn, 2006) . Himalayan marmot is one of the most economically valuable animal for human beings. Thus, whether they harbor viruses that may readily spread to humans should be determined. A prerequisite is to obtain baseline viral epidemiological information on Himalayan marmots, as performed in this study. BOVs have been shown to associate with respiratory, enteric, and neurological disease in humans and animals (Manteufel and Truyen, 2008; Jartti et al., 2012; Yu et al., 2013; Mori et al., 2013) , severely influencing the health of humans and animals. Despite the diversity of BOVs in multiple mammalian species, studies in wild marmots are lacking. Here, we report two novel BOVs identified, by viral metagenomic analysis of the livers and feces of wild Marmota himalayana in the Qinghai-Tibetan Plateau, China. This is the first study to identify and report the nearly full-length genome sequences of Bocaparvovirus in marmots.
The ICTV currently defines new BOV species as those sharing <85.0% aa identity in the NS1 gene with other species. A sequence comparison revealed that HMBOV1 and HMBOV2 were the most related to BOVs of porcine origin (PBOV-SX/1-2). In the NS1 region, HMBOV1 and HMBOV2 shared <74.0% and 50.0% aa identity with other BOVs. Phylogenetic analyses of the NS1, NP1, and VP1 proteins showed that HMBOV1 and HMBOV2 formed two distinct monophyletic trees in the genus of Bocaparvovirus. The two novel viruses displayed a genomic organization typical of BOV (Manteufel and Truyen, 2008) , with two main ORFs encoding NS1 and VP1/VP2 and a third specific ORF (ORF3) encoding NP1, a highly phosphorylated protein that is essential for viral replication. Based on these findings, HMBOV1 and HMBOV2 were classified as two distinct new species (tentatively named as Himalayan marmot bocaparvovirus 1, 2) of the Bocaparvovirus genus. This finding expands our current knowledge of the diversity of BOVs and their hosts.
Although the prevalence of HMBOV1 in 300 liver samples from Himalayan marmots was relatively low, five HMBOV1-positive liver samples were collected in the same region (a total of 60 liver samples collected), suggesting HMBOV1 may be only prevalent in the local region. Additionally, the 100.0% nt identity of all the partial NS1 sequences suggested that HMBOV1 has been stably circulating in the local Himalayan marmot population. HMBOV2 was detected in approximately 5.5% of the stool samples from these animals and was thus of a relatively low prevalence. HMBOV1 was not detected in the stool samples and HMBOV2 not in the liver samples, suggesting that different species of BOV vary in their tissue tropism. Phylogenetic analysis of the NS1, NP1, and VP1 proteins consistently showed that HMBOV1 was most closely related to PBOV-SX (73.9%, 53.0%, and 78.0% aa identities in NS1, NP1, and VP1, respectively), identified in serum samples from pigs in China (Zeng et al., 2011) . This result implies that both HMBOV1 and PBOV-SX share an HMBOV1-like common ancestor and the possibility of cross-species transmission between marmots and pigs for BOVs. As for HMBOV2, the phylogenetic analysis showed that it formed a mostly separated and monophyletic branch among the bocaparvoviruses. Based on their NS1, NP1, and VP1 genes, HMBOV1 and HMBOV2 were all genetically more similar to porcine bocaparvoviruses PBOV-SX, respectively, and thus unlikely to have derived from inter-species recombinant viruses. In addition, the relatively far phylogenetic distance between HMBOV1 and HMBOV2 suggests that additional novel viral species may be present in marmots. Overall, this data will improve our understanding of the evolution and ecology of BOVs.
BOVs are mostly associated with respiratory and enteric diseases, especially in young children and animals (Manteufel and Truyen, 2008; Jartti et al., 2012) , but they were recently implicated in encephalitis both in children and adults (Yu et al., 2013; Mori et al., 2013) . A BOV was also identified in the canine liver, with infection associated with severe hemorrhagic gastroenteritis, necrotizing vasculitis, granulomatous lymphadenitis, and anuric renal failure . These data suggest multiple organs could be localized by BOVs. In this study, HMBOV1 was identified in the liver of Himalayan marmots, leading us to ask whether HMBOV1 could really infect the liver and cause similar illness seen in canine. Thus, further clinical studies addressing in vivo infection with HMBOV1/2 in marmots will be necessary to test Koch's postulates and study its pathogenesis. However, in this study, there is a limitation that the fecal and liver samples, or other tissue samples from the same Himalayan marmots were not collected. As a result, the present study could not address the issue whether HMBOV1/ 2 are located simultaneously in other organs of Himalayan marmots.
Previous reports have described the capacity of parvoviruses to infect new host species (Hoelzer and Parrish, 2010; Parrish and Kawaoka, 2005) . Although there is as yet no report of the cross-species transmission of BOVs from animals to humans, the mutation rate of BOVs as singlestranded DNA viruses approaches that of RNA viruses (Shackelton et al., 2005; Hoelzer et al., 2008) . Given the increasing contact between humans and Himalayan marmots, studies on the potential of HMBOV1 and HMBOV2 to infect humans are warranted. These should include epidemiological studies that make use of serological assays of local human inhabitants to evaluate their risk of infection. In addition, as recent ecological and environmental changes alter the relationships between wild animals and humans (Tompkins et al., 2015) , additional, similar viral discovery studies in wild animals should be conducted to prevent and control emerging viral diseases in humans.
MATERIALS AND METHODS
Specimens
Three hundred liver samples were collected from 300 wild Himalayan marmots and 99 fecal specimens from 99 other wild Himalayan marmots from three different regions (Dulan, Wulan, Tianjun counties) of the Qinghai-Tibetan Plateau, Qinghai Province, China, from 2013 to 2014. All of the samples were transported to our laboratory on dry ice and frozen at −80°C, until further processing.
High-throughput sequencing
The liver and fecal samples were diluted in phosphate-buffered saline (1:10 w/v), homogenized/vortexed, and centrifuged at 8,000×g for 10 min. Every 10 samples were pooled. After filtration of the viral suspension through 0.45 and 0.22-µm filters, the filtrate was treated with DNase (Turbo DNase, Ambion, USA) to digest unprotected nucleic acids. Total nucleic acids were extracted using the QIAamp viral mini kit (Qiagen, Hilden, Germany) according to the manufacturer's protocol. Viral nucleic acid libraries were constructed by sequence-independent random reverse transcription PCR using the primer K-8N (5′-GTTCCCAGT-CACGATANNNNNNNN-3′) and sequenced using the Illumina Miseq platform with 250-base paired ends (Illumina, San Diego, CA, USA). The sequencing data were further analyzed by the customized informatics pipeline Virus Hunter, as previously described (Finkbeiner et al., 2008) .
Detection of HMBOV1 and HMBOV2
To screen HMBOV1 and HMBOV2 in the liver and stool of Himalayan marmots, cDNAs were generated from the 300 liver tissues and 99 fecal samples using random primers and SuperScript III reverse transcriptase (Invitrogen, Carlsbad, CA, USA). A 386 base pair (bp) fragment was then amplified using hemi-nested PCR, targeting a portion of the NS1 gene of HMBOV1 and HMBOV2, and the primers MBOVF1 (5′-ATGCATGYTGACTGGGTRGAAC-3′), MBOVF1 (5′-TGYTGACTGGGTRGAACCAGC-3′), and MBOVR (5′-AGACGAAGTCCTGTGAATGAG-3′). The two rounds of amplification were achieved under the following conditions: 94°C for 5 min, followed by 35 cycles (94°C for 30 s, 53°C for 30 s, and 72°C for 1 min) and then 72°C for 5 min. The PCR amplicons were electrophoresed and purified on a 1.5% agarose gel. The positive samples were then sequenced using the Big-Dye terminator cycle sequencing kit and the ABI Prism 310 genetic analyzer (Applied Biosystems, Foster City, CA, USA).
Genomic sequencing
To obtain the complete sequences of HMBOV1 and HMBOV2, a routine PCR and genome-walking kit (Takara Bio Inc., Japan) was used to amplify the unknown sequences. The specific primers employed were based on the contigs obtained by high-throughput sequencing and using the newly amplified sequences. To confirm the final genomic sequence of HMBOV1 and HMBOV2, overlapping PCR and LA-Taq polymerase (Takara Bio Inc.) were used to amplify three long fragments.
Genomic analysis
Full-length sequences were assembled using SeqMan software (DNASTAR, Inc., Madison, WI, USA). The ORFs for HMBOV1 and HMBOV2 were identified using the ORF finder of the National Center for Biotechnology Information (NCBI; http://www.ncbi.nlm.nih.gov/gorf/gorf.html). Multiple nucleotide and deduced amino acid sequence alignments were analyzed using Clustalx software (version 1.83). Pairwise nucleotide (nt) and amino acid (aa) identities between novel BOVs and other parvoviruses were determined, using DNAMAN software.
Phylogenetic analysis
To determine the phylogenetic relationship of HMBOV1 and HMBOV2, the amino acid sequences of the NS1, NP1, and VP1 proteins of HMBOV1 and HMBOV2 and other par-voviruses were aligned using Clustalx (version 1.83). The Maximum likelihood (ML) phylogenetic trees of them were constructed with the aa substitution model of Le_-Gascule_2008 model with Freqs and gamma (LG+G+F) by the MEGA 6.0 software. 
Compliance and ethics
